The Red Bird section of the Pierre Shale in eastern Wyoming contains a relatively complete sequence of fine-grained marine clastics that were deposited between 81 and 69 million years ago in the Late Cretaceous epicontinental seaway of the US Western Interior. These units not only contain a well-studied, high-resolution ammonite biostratigraphic sequence, by which the far-flung exposures of the seaway sediments are correlated across this region, but they are also isotopically well-dated due to the presence of numerous sanidine-bearing volcanic ash layers. The magnetostratigraphy of the Red Bird section consists of three geomagnetic reversals which can be independently calibrated by seven 40 Ar/ 39 Ar isotopic ages in an interval that spans 12 million years of the Campanian and Maastrichtian stages. The magnetostratigraphic section can be confidently correlated to that part of the geomagnetic polarity time scale (GPTS) that ranges from the base of subchron C33n to the base of C31n. Linear interpolation and extrapolation from the isotopic ages gives the following age estimates for these reversal boundaries: C32n/C31r, 70.44 0.7 Ma; C31r/C31n, 69.01 0.5 Ma. The C33n/C32r reversal boundary cannot be identified with complete confidence but it is certainly younger than the 74.62 1.2 Ma age interpolated for the reversal found at the top of C33n. These age estimates make a significant contribution to the calibration of the GPTS for the Cretaceous Period, which has previously relied heavily on interpolation between three or fewer calibration points that are widely spaced in age. In addition, the recognition of the chrons C33 through C31 in this section enables us to correlate the high resolution ammonite zonation of the US Western Interior directly to the time-equivalent European pelagic microfossil zonation based on the magnetostratigraphic reference section at Gubbio in north-central Italy.
Introduction
Reconstruction of Earth's history requires that events recorded in rocks of various environments and ages be placed into a common temporal framework. One of the most versatile and powerful tools for tying together different geological sections is magnetostratigraphy, in which a pattern of geomagnetic polarity zones is correlated to the geomagnetic polarity time scale (GPTS). Magnetostratigraphy is versatile because it can be done in a variety of stratigraphic settings and the GPTS is powerful because it serves as a central clearinghouse for a great store of age information derived from such diverse sources as biostratigraphy, isotopic decay, oxygen, carbon and strontium isotope ratios and even the earth's climatic response to orbital variations.
Since the ground breaking work of Heirtzler et al. (1968) , there have been continual refinements to the GPTS. The single most important source of numerical age calibration points is from isotopic dating methods such as 40 Ar/ 40 K and 40 Ar/ 39 Ar. These isotopic calibration points have been tied to the GPTS both directly and indirectly, and the choice of calibration points is the principal difference among the time scales. Age information for the last ten million years of the GPTS has also come from tying the 'astronomical' time scale to the GPTS (e.g., Shackleton et al., 1990; Hilgen, 1991) , and these techniques have also been successfully applied to older segments of the stratigraphical record (e.g., Herbert & D'Hondt, 1990; Herbert et al., 1995) . But the principal means of numerical calibration of the GPTS for the Late Cretaceous and Paleogene is by isotopic age data.
Adding to the database of calibration points from which the GPTS is derived, we report here the discovery of three geomagnetic reversals in the Red Bird section of the Pierre Shale, which is located in eastern Wyoming (Figure 1 ). This sequence is well known for the record it contains of the latest Cretaceous ammonite biostratigraphy of the Western Interior, and it is held to be an informal reference section for the Campanian and Maastrichtian stages in that region (Gill & Cobban, 1966a) . The Pierre Shale is a significant part of what is arguably one of the best dated marine sedentary sequences in the world (Obradovich, 1993) . During two intervals of Cretaceous time, peaking in the Cenomanian and again in the Campanian-Maastrichtian, the Western Interior foreland basin was inundated by ash falls from a magmatic arc developed along the western margin of the continent, and from volcanism associated with the emplacement of the Idaho, Boulder and Sierra Nevada batholiths (Christiansen et al., 1994) . The first geochronologic time scale for this region was established by Obradovich & Cobban (1975) , who isotopically dated ash falls that ranged in age from latest Albian to early Maastrichtian by the 40 Ar/ 40 K method, and it has subsequently been revised using the more precise 40 Ar/ 39 Ar laser fusion method (Obradovich, 1993) . The age control available in the Red Bird section allows us to unambiguously correlate the geomagnetic reversals to the GPTS and estimate their age by interpolation and extrapolation from dated levels found both in section, or correlated biostratigraphically from elsewhere. The biostratigraphic record of the Red Bird section contains 18 ammonite zones, which represents all but three of the ammonite zones that are recognized in the Pierre Shale, and those three are cut out in a paraconformity whose stratigraphic position is very well known (Gill & Cobban, 1966a) . This provides an important independent measure of the completeness of the sedimentary record preserved at Red Bird, and gives us confidence in our interpolations between the dated horizons. Gill & Cobban (1966a) .
The association of biostratigraphy, isotopic ages, and a geomagnetic reversal sequence in a single surface section presents a unique opportunity to calibrate a part of the GPTS that is at present relatively poorly constrained. The first GPTS was derived from a magnetic profile from the South Atlantic that was dated by simple extrapolation, and assumed relatively constant seafloor spreading rates (Heirtzler et al., 1968) . This time scale has been updated many times, but the more recent revisions of the Upper Cretaceous interval (Hallam et al., 1985; Kent & Gradstein, 1985; Haq et al., 1988; Harland et al., 1989; Cande & Kent, 1992 , 1995 Gradstein et al., 1994) have only two or three dated calibration points from which to interpolate.
An extensive revision of the GPTS has most recently been by 1995. For the Late Cretaceous, the two Cande & Kent time scales differ in the age assigned to the K/T boundary (66.0 Ma in 1992 and 65.0 Ma in 1995) . This disparity was caused by a change in the procedure for sample preparation which yielded the invalid age of 66.0 Ma (Berggren et al., 1992) , since corrected in Swisher et al. (1992) to 65.0 Ma. But there are still a number of problems in the age assignments for this interval that need to be considered. The 1995 recalibration of the GPTS is still restricted to just nine calibration points for the most recent 83 million years of geologic time, with just three in the Late Cretaceous (Cande & Kent, 1995) . A perusal of the approach taken to make up for the paucity of calibration points reveals a number of shortcomings. Cande & Kent fit a natural cubic spline to pass exactly through the nine calibration points, and then calculate the ages of the various chron boundaries. The ages for the chron boundaries are reported to the nearest thousand years (3 decimal places) which gives the impression of a precision that is not wholly warranted. The ages for the nine data points all carry analytical uncertainties, plus the fact that the sea floor spreading anomalies have uncertainties that range from 3% to as much as 17% for the various chron boundaries (Cande & Kent, 1995) . However, these errors are not taken into account in the cubic spline solution. The result is a very precise solution to a problem with very imprecise parameters. The cubic spline solution has another drawback, in that when one changes a single datum, the adjustments are not restricted to the interval between the next oldest and youngest data. This change reverberates throughout the entire assemblage of splines. The reader is urged to compare the two Cande & Kent (1992 , 1995 latest Cretaceous time scales that result from a simple change of a singular datum, the K/T boundary.
Another problem that has not been taken fully into account is the possibility of analytical bias amongst the various sources of the data. For instance, Cande & Kent rely on the data of Obradovich (1988; and Obradovich in Berggren et al., 1992) for the Late Cretaceous, and then employ the data of Swisher et al. (1992) for the K/T boundary and the 'minus 17 ash' of Denmark. However, no allowance was made for the difference of some 500 000 years between the data of Obradovich & Swisher. This bias disappears at the next younger calibration point of 33.7 Ma for the Eocene/Oligocene boundary (Obradovich & Dockery, 1995) , but any solution between 34 and 80 Ma contains an error because of the combination of these two data sets. Furthermore there are some discrepancies in the ages that have been attributed to the CretaceousTertiary (K/T) boundary. The K/T boundary level has been dated in a number of studies (Izett et al., 1991; McWilliams et al., 1992; Dalrymple et al., 1993) . When all of the results are normalized to the common value for the monitor used in this study, the Taylor Creek Rhyolite, at 28.32 Ma (which is equivalent to 520.4 Ma for Mmhb-01; Samson & Alexander, 1987) , an age of approximately 65.5 Ma is obtained. If the monitor ages are changed to alternative values that are in common use by other laboratories, 27.92 Ma and 513.9 Ma for TCR and Mmhb-1 respectively, then an age of 64.6 Ma results. None of these agree with the age obtained by Swisher et al. of 65.0 Ma. Gradstein et al. (1994) have the same problems when generating their Mesozoic time scale. For the Late Cretaceous they utilize the data of Obradovich (1993) until they reach the K/T boundary where they then employ the data of Swisher et al. (1992) , despite the studies cited above which would call for a boundary older than 65.0 Ma when all the data are normalized to the same monitor value.
This study begins to address a few of these problems. We present a total of seven calibrating isotopic ages within a single 12 million year interval of the Campanian and Maastrichtian. All but one of these ages are found either in direct association with the geomagnetic reversals in the Red Bird section, or they are obtained from other localities and correlated biostratigraphically. These ages were obtained from ashes that were prepared and analysed in one laboratory, often in a single irradiation. This minimizes the uncertainty that arises from inter-laboratory and analytical errors. It would appear that this would be the ideal basis on which to estimate the ages of the Campanian and Maastrichtian reversal boundaries, but as this study shows, a very different set of problems and uncertainties is introduced.
Geologic setting
Throughout the Mesozoic, the Western Interior of North America was occupied by a broad elongate asymmetric foreland basin that was submerged, at least in part, beneath an epicontinental seaway from the late Aptian to the Paleocene. At its maximum development this seaway extended some 4900 km from the Arctic Ocean to the Gulf of Mexico (Kauffman, 1977) . Since at least the Jurassic, and throughout the Cretaceous, the western edge of the North American plate was bounded by an active subduction zone or trough that was in turn bordered by a melange wedge and a complex accretionary system of forearc basins and trenches (Hamilton, 1978) . To the east of the subduction zone was an emergent, tectonically active cordillera made up of an eastward migrating thrust belt (Elison, 1991) and a magmatic arc that formed in the core of a peninsula that extended from the northeastern Asiatic plate down the western side of the North American plate (for overview, see Lehman, 1987) . The western cordillera was the source for almost all of the fine-grained clastic sediment that accumulated along the western margin of the foreland basin and in the epicontinental seaway from the Campanian to the Maastrichtian. Extensive exposures of marine sediments that were deposited in the foreland basin during the Campanian and Maastrichtian are found across Montana, Wyoming and the Dakotas. Originally named the Fort Pierre Group from outcrops in South Dakota along the Missouri River (Meek & Hayden, 1861) , the name has been shortened in general usage to Pierre Shale (Crandell, 1958) , and changed to a formation of the Montana Group as defined by Gill & Cobban (1973) .
A nearly continuous succession of the Pierre Shale is exposed in surface section in Niobrara county, near a road junction that is named Red Bird on the maps of easternmost Wyoming. When traced to the west these marine shales are found to interfinger with wedges of terrestrial and shallow marine strata (Figure 2 ) that were deposited in the coastal plain and nearshore paleoenvironments that lay marginal to the seaway. The shoreline deposits were laid down in a broad belt that trended north-south across western Montana and Wyoming and fluctuated in response to periodic sealevel changes (Steidtmann, 1993) and tectonic activity (Weimer, 1984; Merewether & Cobban, 1986) . Across the seaway as a whole, shoreline movement appears to have been controlled by a complex interaction between eustatic sea-level change, thrust belt tectonism and sediment loading and supply (Van Wagoner et al., 1990; Jordan, 1981; Jordan & Flemings, 1991; Vail et al., 1991) .
From the late Santonian to the end of the Maastrichtian the broad pattern of Late Cretaceous shoreline evolution in the Western Interior was one of a slow regional regression which was punctuated by a number of relatively rapid, local or subregional oscillations in shoreline probably caused by tectonic movements in the eastward migrating thrust belt (Gill & Cobban, 1966a , 1973 Merewether & Cobban, 1986; Cobban et al., 1994) . The stratigraphic extent and relationship of the wholly marine Red Bird section to the terrestrial and nearshore facies to the west, is shown in Figure 2 . The Red Bird section spans a period marked by two major transgressions (locally named the Claggett and the Bearpaw, Figure  3C ), and two regressions (the Judith River and Fox Hills; Lillegraven & Ostresh, 1990) .
The Red Bird section
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The Pierre Shale is exposed at Red Bird in a continuous 1100-m-thick section on the steep northwestern limb of the Old Woman anticline, Niobrara county, easternmost Wyoming (Figure 1 ). This wellstudied exposure (Darton, 1901 (Darton, , 1918 Loomis, 1915; Robinson et al., 1959; Gill & Cobban, 1961 , 1966a Bergstresser & Frerichs, 1982; Bergstresser & Krebs, 1983; Bergstresser, 1983) , is one of only a few stratigraphic sections in the region where the Pierre Shale can be seen in its entirety. The section was extensively studied by the US Geological Survey between 1957 and 1962, and a detailed map, surveyed stratigraphic section and biostratigraphic zonation were published (Gill & Cobban, 1966a) . It has since served as an informal reference locality for the latest Cretaceous (Campanian to Maastrichtian) ammonite biostratigraphy of the northern Great Plains region of the US Western Interior (although access is currently severely restricted by the private landowner). Eighteen ammonite zones have been recognized and established in this section ( Figure 3B ). Regionally the provincial ammonite zonation defined at Red Bird is of great stratigraphic importance and has been used to correlate most of the latest Cretaceous marine sections across the Western Interior (Gill & Cobban, 1965 , 1973 Shultz et al., 1980) . The microfossil biostratigraphy of this interval has also been studied but, in comparison to the macrofossils, it is of inferior resolution (Mello, 1969; Bergstresser & Frerichs, 1982) . 
Stratigraphy
The stratigraphic and biostratigraphic divisions of the Pierre Shale at Red Bird are shown in Figure 3 , parts A and B. For the detailed litho-and biostratigraphy see Gill & Cobban (1966a) . The Pierre Shale at Red Bird lies above the Niobrara Formation (Figure 2 ), a calcareous marine shale. The lowermost member of the Pierre Shale is the Gammon Ferruginous Member (labelled with an asterisk in Figure 3A ), which consists of 10 m of dark grey, fissile and sideritic shales. The Pierre Shale has been divided into a number of sequences, separated by unconformities, or sequence surfaces that can be correlated to the relative sea-level changes (Van Wagoner et al., 1990) . At the top of the Gammon Ferruginous Member lies a sequence boundary, regionally known as the Pierre-Niobrara unconformity (DeGraw, 1975; Shurr & Reskind, 1984; Weimer, 1984; Haq et al., 1988; Van Wagoner et al., 1990) , which was formed by fluvial incision into shelf sediments subaerially exposed during a fall in sea level that occurred at about 80 Ma (Haq et al., 1988; Olsson, 1991) . This sequence surface can be traced across the basin from the wholly terrestrial sediments of the Two Medicine Formation in northwestern Montana (Rogers et al., 1993) , into the marine sediments, where it lies at the base of the Claggett Shale (Hicks et al., 1995; Figure 2) , to the Red Bird section, and out across the Dakotas and Nebraska (DeGraw, 1975) . A rapid relative rise in sea level at the onset of the Claggett transgression drowned the incised and eroded topography (DeGraw, 1975) and 40 m of dark grey, carbonaceous shale that comprises the regionally extensive Sharon Springs Member (Elias, 1931) was deposited during the Claggett transgression ( Figure  3A , C). The Sharon Springs Member of the Pierre Shale has a complex geochemistry (Gill et al., 1972; Gautier, 1986 ) that may be related to upwelling in the seaway (Gautier & Parrish, 1987) . The base of the Sharon Springs is marked by a condensed sequence that was formed during the onset of the Claggett transgression ( Figure 3C ) and is composed of a fossiliferous organic-rich fissile shale that contains fish scales and teeth. Also found in association with the condensed sequence are several beds of yellow bentonite whose unique geophysical characteristics enable this biostratigraphic level to be traced over much of the Western Interior (Gill et al., 1972 (Gill et al., , 1973 Crandell, 1950 Crandell, , 1958 .
The second lowest bentonite bed in the Sharon Springs Member is held, by convention, to be the Ardmore bentonite, which is 80 cm thick at Red Bird (no. 1, B. obtusus, Table 2 ). This bentonite bed is named after its type area at Ardmore in Fall River County, South Dakota, where it was at one time commercially mined (Spivey, 1940) . The Ardmore bentonite is not a traceable single discernible unit of consistent thickness, but rather the thickest ash layer that is ''. . . quarried on a commercial scale . . . is designated the Ardmore bed'' (Spivey, 1940, p. 3) . The bed designated the Ardmore can therefore vary widely based on this definition. It is more truthfully defined as an interval of shale that contains several levels of ash that can be traced over a wide area of western South Dakota, central and eastern Montana, and eastern Wyoming and Colorado, in the lowermost part of the Pierre Shale. The numbers of ash layers and their thicknesses vary widely across the region, ranging from a single tuffaceous unit composed of multiple stacked layers of ash and reworked ash in Elk Basin, Wyoming (Hicks et al., 1995) to 23 layers or more in southwestern South Dakota (Spivey, 1940) . The Ardmore is regionally found in the basal part of the Baculites obtusus Zone (Gill & Cobban, 1966a) . It has been correlated with the middle unit of the Elkhorn Mountains Volcanics in western Montana, a sequence of 760 m of welded tuff and ash-fall crystal tuff (Gill & Cobban, 1973) that was formed during a relatively short lived volcanic event in the later stages of the emplacement of the Boulder batholith and are dated at between 80 and 81 Ma (Robinson et al., 1968 ; recalculated using the modern decay constants of Beckinsale & Gale; see Gale, 1982) .
The Mitten Black Shale Member, which consists of 285 m of medium to dark grey, carbonaceous, fissile and bentonitic shale, was deposited during the highstand of the Claggett transgression ( Figure 3A, C) . During the ensuing Judith River regression, the shoreline moved basinward and a tongue of coarser sediment called the Red Bird Silty Member, a 185-mthick sequence of silty shale, was deposited (Gill & Cobban, 1962) . At the lowstand of the Judith River regression, fluvial incision on the coastal plain to the west formed a sequence boundary beneath the Teapot Sandstone (Reynolds, 1967; Gill & Cobban, 1996b; Van Wagoner, 1990 ; Figure 2 ). This transgressive to regressive cycle repeats itself with the onset of the Bearpaw transgression in the range zone of Didymoceras nebrascense (Lillegraven & Ostresh, 1990 ; Figure 3B , C). The shift of the Bearpaw shoreline landwards is reflected at Red Bird in the finer, darker and more organic rich sediments of the 220 m thick ''lower unnamed shale member'' (Gill & Cobban, 1966a ; Figure 3A ). Within the lower unnamed shale member is a paraconformity within which three ammonite range zones are missing. Van Wagoner et al. (1990; see also Fox, 1993) have (1)
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Figure 3.
A. Stratigraphy of the Pierre Shale. B. The megafossil biostratigraphic zonation (both after Gill & Cobban, 1966a) , plotted from a datum at the Ardmore bentonite in the base of the range zone of Baculites obtusus. Position of the Campanian/Maastrichtian boundary is after Kennedy et al. (1992) .
C. The timing of transgression and regression in the Campanian and Maastrichtian for the northern Great Plains region of the Western Interior US, after Lillegraven & Ostresh (1990) . D. VGP plot of the Red Bird section. VGP latitudes are plotted versus height in section. The black dots to the right of the diagram mark the stratigraphic position of the paleomagnetic sites. Data processed as best-fit lines are shown as circles, Fisher averages of clusters are shown as open triangles. Squares are acceptable site means constrained using directions only. Solid triangles are at least partially constrained using great circles. E. Magnetostratigraphy of the Red Bird section, N1 to N3, black/white shading, normal/reversed polarity intervals. Diagonal hashed intervals represent either intervals of erosion, or intervals from which no paleomagnetic data could be obtained (e.g., lowermost Mitten Black Shale Member), the shaded interval in R2 contains a spurious overprint in a glauconitic interval (see text). F. Chronologic correlation diagram of the Red Bird section, plotting age versus height in section. The stratigraphic positions of the isotopic ages obtained in this study are numbered (1) through (7) and correspond to Table  2 which lists the sampling locality and biostratigraphic interval of each isotopic age. (7) is the age for B. clinolobatus, after Obradovich (1993) ; (8) the age of base of C33n, after Hicks et al. (1995) . The isotopic ages are shown in relation to the estimated geomagnetic reversal ages for chrons 33 through 31 from three of the recently published GPTS. (9) Paraconformity described in text. Details not labelled on figure; *Gammon Ferruginous Member; **Didymoceras stevensoni; ***See text Section 8.1 for explanation of ambiguity surrounding positive identification of C32r at Red Bird.
correlated this paraconformity to a retrogradational parasequence set found at the top of the Teapot Sandstone, but its origin appears to be more complex than that. Recent work by Izett et al. (1993 Izett et al. ( , 1998 has correlated this same level to the Manson impact structure, Iowa, on the basis of an 40 Ar/
39
Ar age of 74.11 0.09 Ma obtained from sanidine-bearing melt rocks in the structure itself (based on Mmhb-1 hornblende age of 513.9 Ma; 75.17 Ma, Mmhb-1 hornblende, 520.4 Ma, as used in this study; see fig. 5 , p. 368, Izett et al., 1998) . This is corroborated by the discovery of shocked quartz (assumed to be part of the distal impact ejecta; Izett et al., 1993) and structures attributed to an impact tsunami (Steiner & Shoemaker, 1996) in marine sediments of the Crow Creek Member of the Pierre Shale to the east of the Black Hills Uplift, at the same biostratigraphic level as the paraconformity at Red Bird.
The Kara Bentonitic Member ( Figure 3C ) is a 10-m-thick volcaniclastic unit consisting of a bentonites and grey bentonitic shale. It is overlain by the 210-m-thick 'upper unnamed shale member', which has a varied lithology of alternating layers of clay-rich shale and more silty and sandy units that were deposited during the regression of the Bearpaw Sea as the shoreline, represented by the Fox Hills Formation moved basinward ( Figure 2 ). The Fox Hills Formation lies in sharp contact with the underlying marine shales with a prominent 60-cm-thick green bentonite at its base (B. clinolabatus, no. 7, Table 2 ). At Red Bird the Fox Hills is not exposed in its entirety but it is 90 m thick at Lance Creek (Dorf, 1942) , 40 km to the southwest. At Lance Creek the Fox Hills is separated from the K/T boundary by 800 m of fluvial sediments of the Lance Formation (Clemens, 1960) .
Sampling methods
Between four and five separately oriented hand samples were taken for paleomagnetic analysis from 52 sites in 1100 m of continuous section from the top of the Niobrara, through the Pierre Shale to the lower part of the Fox Hills Formation. The line of the section that was sampled parallels Gill & Cobban's (1966a) northern surveyed transect that runs from section 14 to 13, in T. 38 N, R. 62 W, Niobrara County, Wyoming. The sampling interval was controlled by the surface exposure and averaged 24 m overall, with a minimum interval of 1.6 m in the Fox Hills Formation, and a maximum interval of 69.7 m in the poor exposure of the Mitten Black Shale Member.
Each magnetostratigraphic sample site was placed stratigraphically to the nearest identifiable unit in the original section description by Gill & Cobban (1966a, pp. A50-A62) . The lithologic boundaries between each of the members and formations, and the major concretion and bentonite horizons were identified and marked in the field and compared to the original surveyed base map. The area surrounding each sample site was prospected for fossils and a total of 95 specimens were collected from six range zones. These fossil samples were identified by Karl Waage (Peabody Museum, New Haven) and Bill Cobban (USGS, Denver), and all the specimens were found to be typical of the zone to which they were attributed based on their stratigraphic position. This independently confirms the correlation of the paleomagnetic sites to the stratigraphy and biostratigraphy of the surveyed reference section.
Paleomagnetic analysis
A minimum of three and a maximum of five samples from each site were prepared into paleomagnetic specimens by dry sanding into cubes nominally 2 cm on a side. A single sample from every other site was initially selected to undergo step-wise thermal demagnetization (room temperature, 75 C, 100 C, 125 C, 150 C, 200 C, 250 C, 300 C, 350 C, 400 C, 450 C). Schonstedt thermal and single-axis AF demagnetizers were used. All demagnetization and measurement was carried out in the magnetically shielded room at the Scripps Institution of Oceanography, which has an ambient field of 200 nT. The magnetic measurements were made on a CTF three-axis cryogenic magnetometer. The results of this initial run indicated that the samples contained a secondary goethite component with an unblocking temperature of 150 C. In no case was there more than a small fraction of the natural remanent magnetization (NRM) remaining after 350 C and in many cases the data became scattered after treatment to about 250 to 300 C. The scatter probably results from alteration of magnetic mineralogy during thermal demagnetization. In all cases there was a dramatic change in NRM by the 150 C demagnetization step, causing us to suspect the presence of a goethite component. Thus, in order to avoid the possible contribution of a spurious goethite component (which would be difficult to demagnetize using alternating field treatment alone) and to avoid the scatter caused by heating to high temperatures, we adopted the following measurement protocol for all remaining specimens.
The natural remanent magnetization (NRM) of each of the 2-4 specimens remaining from each site was first measured. Then each specimen was heated to 150 C and remeasured. Subsequently, each was subjected to step-wise alternating field (AF) demagnetization in 7 to 9 steps (2.5 mT, 5.0 mT, 7.5 mT, 10.0 mT, 15.0 mT, 20.0 mT, 30.0 mT, 40.0 mT, 50.0 mT). Examples of the results from this treatment regimen are shown in Figure 4a , b for a normal and reversed specimen.
In general, the demagnetization data from thermal treatment alone, and alternating field/thermal treatment protocols are quite similar, with the latter being significantly less scattered than the former. The demagnetization data were analysed in the following manner. Specimens having a rather simple quasilinear characteristic component (e.g., Figure 4a ) that display a final component trending to the origin defined by at least 4 consecutive demagnetization steps, were analysed using principal component analysis (PCA) (Kirshvink, 1980) . Lines were deemed acceptable if they had a maximum angle of deviation (MAD) of less than 25 .
Some specimens behaved in a manner similar to those shown in Figure 4c . The polarity is not in doubt, but the demagnetization data are clustered and a best-fit line (PCA) cannot be calculated that would meet the minimum criteria listed above. In these cases, we calculated a mean direction using Fisher statistics (Fisher, 1953) , from a subset of at least 4 consecutive demagnetization points (usually many more) that clustered around a stable direction. These directions met our minimum criteria if the circular standard deviation (CSD) was less than 35 . Site means were calculated using standard Fisher statistics (Fisher, 1953) , from sites that contained at least three directions estimated by either PCA or Fisher analysis. Site means with CSDs less than 35 were retained and make up our highest quality, or sites, and all others were discarded. Most of the specimens were amenable to either PCA or Fisher analysis. However, the demagnetization data of specimens from a number of sites did not lie along a line or cluster in a single direction, but lay within a plane. The vector endpoint diagram of an example of this behavior is shown in Figure 4b , with an accompanying equal-area plot showing the trace of the great circle that best fits these data. The equal-area plot of the great circles and other data used to calculate the site mean from such a site is shown in Figure 5 . This is a plot of the data from four specimens from a site in the uppermost part of R2, just below the reversal with N3 ( Figure 3E . The trace of the best fit planes from three of the specimens are shown as great circles (Kirshvink, 1980) , along with the data from one specimen to demonstrate the path of the demagnetization steps. This site also had one specimen that allowed calculation of a Fisher mean direction from a cluster of data points (the square symbol in Figure 5 . The three great circles and single directed line can be combined using the method of McFadden & McElhinny (1988) to give a mean direction (shown as an open triangle) and a cone of 95% confidence ( 95 , shown as a dotted circle). Four sites analysed in this manner were deemed acceptable using an arbitrary cut-off of 35 for the 95 . The mean directions of sites with at least one great circle specimen are plotted as VGPs denoted by an inverted filled triangle in Figure 3D . It is worth noting that (a) both normal and reversed significant great circle site means are shown in Figure 3D ; and (b) none of the sites calculated by the great circle method lies adjacent to a reversal boundary, and therefore they do not have an overly significant effect on the interpreted magnetostratigraphy. They do, however, contribute significantly to the 'body' of data that makes up the reversals, and make up the second tier of data, the sites. A few specimens failed to meet any of the above categories; the data were too scattered for meaningful analysis and were ignored. Such a specimen is shown in Figure 4d .
The site means calculated from directions only ( sites) are plotted as circles in the equal projection shown in Figure 6 . Those at least partially constrained by great circles ( sites) are plotted as triangles. The reversed mode is Fisher distributed and has a mean, and 95 could be calculated using Fisher statistics (Fisher, 1953; Figure 6 ). The normal mode is not Fisher distributed and the 95% confidence ellipse was estimated using the bootstrap method of Tauxe et al. (1991) . The mean normal and reversed directions with associated confidence ellipses are plotted in Figure 6b . Also shown is the direction of the present dipole field (PDF, shown as a star) and the expected direction for the late Cretaceous (shown as a diamond) calculated from the reference pole of Diehl et al. (1983) . The normal component of magnetization is significantly different from both the PDF, and the expected Cretaceous direction, but nonetheless the polarity of the individual sites is not in doubt.
Magnetostratigraphy
All the significant specimens and site mean directions were converted to virtual geomagnetic poles (VGPs). The calculated latitude of each site mean reflects the polarity (positive being normal and negative being reversed), and are plotted vs height in section in The magnetostratigraphic interpretation of the data is shown in Figure 3E . The magnetostratigraphy of the lowermost part of the Red Bird section could not be reliably interpreted because of the geochemistry of the rocks. The Gammon Ferruginous, Sharon Springs and the basal part of the Mitten Black Shale Members are very carbonaceous and in places contain secondary ferruginous minerals that make them paleomagnetically unreliable. This interval is shown by the diagonal shading at the base of Figure 3E .
The following section summarizes the bio-, lithoand magnetostratigraphic data. The numbers with the prefix YPM, are Yale Peabody Museum specimen numbers. The lithologic unit numbers and the USGS samples sites are derived from the reference section of Gill & Cobban (1966a) .
Polarity interval N1
The base of the measurable polarity sequence lies at the bottom of a 525-m-long interval of normal polarity (N1; Figure 3E ) that ranges from the lowermost part of the Mitten Black Shale Member (Baculites asperiformis Zone) through the Red Bird Silty Member, to the lower middle part of the 'lower unnamed shale member' (Exiteloceras jenneyi Zone; Figure 3A , B). Ammonite samples were taken from this interval that broadly delimit the range zones of Baculites perplexus (early form) (YPM32719), Baculites gilberti (e.g., YPM32718), Baculites perplexus (late form) (YPM32684) and Baculites gregoryensis (YPM32686).
Polarity interval R1
A 25-m-interval of reversed polarity (R1), spans three sites that lie entirely within the zone of Exiteloceras jenneyi as expressed at Red Bird. A paraconformity which cuts out the top of E. jenneyi and the three ammonite zones of D. cheyennense, Baculites compressus and Baculites cuneatus, is known to lie at the top of this range zone ( Figure 3B, E) . This paraconformity, labelled in Figure 3F , is clearly identified in the original stratigraphy of the Red Bird section and has been traced regionally across Wyoming (Gill & Cobban, 1966b; Van Wagoner et al., 1990) . The stratigraphic position of this paraconformity at Red Bird has been precisely fixed with respect to the paleomagnetic sample sites using both the lithologic description of the reference section, the identification of characteristic bentonite layers and the biostratigraphy.
Polarity interval N2
Above the level of the paraconformity is a 210-m-thick normal polarity interval (N2) which runs from the middle of the 'lower unnamed shale member' (Baculites reesidei), through the Kara Bentonitic Member to the lower part of the 'upper unnamed shale member' (Baculites baculus). Baculites and scaphites specimens were taken from this normal polarity interval that clearly delimit the boundaries of the range zones of Baculites reesidei (6 specimens, e.g., YPM32727), Baculites jenseni (YPM32692), Baculites eliasi (25 specimens, e.g., YPM32679) and Baculites baculus (3 specimens, e.g., Jeletzkytes plenus, YPM32700).
Reversed polarity interval R2
From the lower part of the 'upper unnamed shale member' (Baculites baculus) to 10 m below the base of the Fox Hills Formation (Baculites clinolobatus) is a well defined 110-m-long reversed polarity interval (R2). Ammonite specimens from the range zone of Baculites grandis were taken from this reversed polarity interval (e.g., YPM32664).
In the uppermost Pierre Shale and the lowermost part of the Fox Hills Formation, is an interval of highly questionable normal polarity that ranges from the upper part of the B. clinolobatus Zone into the Hoploscaphites birkelundi Zone (originally defined at Red Bird as the Sphenodiscus (coahuilites) Zone by Gill & Cobban, 1966a , redesignated by Landman & Waage, 1993 . This normal polarity interval is shown as a shaded zone within R2 in Figure 3E . No ammonite fossils were recovered from this interval. Above this is a 40-m-thick reversed interval comprising three closely spaced sites that lie in an unfossiliferous sequence of interbedded siltstone and fine sandstone in the Fox Hills Formation.
Normal polarity interval N3
The uppermost three sites in the section are of normal polarity and lie more than 60 m above the base of the Fox Hills Formation, within the Hoploscaphites birkelundi Zone (Landman & Waage, 1993) .
Isotopic age dating
Due to the 39 Ar recoil effects (Hess & Lippolt, 1987) , biotites extracted from bentonites often yield uninterpretable heating spectra or total fusion ages that are too old when compared to sanidine phenocrysts from the same unit. The ages used in this study therefore were obtained by the 40 Ar/ 39 Ar laser fusion dating of sanidine crystals (York et al., 1981) . The bentonites were disaggregated and sieved to retain the material coarser than 0.1 mm (+140 mesh), processed in a Frantz magnetic separator, and the sanidine concentrates recovered from the non-magnetic fraction by using heavy liquids. These were then washed with a dilute solution of HF (approximately 12%) and rinsed. The largest crystals (+100 mesh or coarser) were then examined with a petrographic microscope using the central focal masking technique (Wilcox, 1983 ) to check sample purity and then under crossed nicols to look for the presence of detrital microcline. All occluded and altered grains were removed by hand picking, and the individual grains for study were selected. The sanidine crystals were then encapsulated in aluminium packets and stacked in a quartz tube with every three unknowns surrounded by a monitor (Taylor Creek rhyolite, Dalrymple & Duffield, 1988) , normalized for an age of 520.4 Ma for the McClure Mountain standard (Samson & Alexander, 1987) . The unknowns and standards were then irradiated for 30 hours in the central thimble of the USGS TRIGA reactor (Dalrymple et al., 1981) .
Samples were analysed using the GLM continuous laser system at the USGS Isotope facility at Menlo Park (Dalrymple, 1989) . After irradiation, the samples were placed into a high vacuum extraction system and baked out overnight at 260 C. Several crystals of sanidine, both monitors and unknowns, along with vacuum-degassed zero-aged basalt as a flux, were then fused with a six watt argon-ion laser. Laser fusion was carried out on individual grains wherever possible, but sometimes multiple sanidine grains had to be used because of the relatively fine grain size of the sanidine phenocrysts recovered from some of these bentonites. The 40 Ar/ 39 Ar laser totalfusion data for these ages are listed in Table 1 . The expelled gases were cleaned of their reactive components by two SAES getters and the argon isotopic composition (Table 1 ) determined using a MAP 216 high sensitivity rare gas mass spectrometer operated in the static mode. A J curve (which depicts the variation of neutron flux with vertical position of the unknowns in the quartz tube) was then determined for the entire package (Table 1) . Nominally five individual determinations are made for each monitor level. Errors for the neutron flux at each level are quadratically combined with the uncertainties for the individual unknowns. The final results are reported with the uncertainties expressed at the 95% confidence level for the error of the mean employing Student's t factor (Taylor, 1982) for small sample populations (Table 1) .
In Table 2 are listed the locations and provenance of the ash levels whose 40 Ar/
39
Ar isotopic ages were used to estimate the ages of the reversal boundaries in the Red Bird section. The relative stratigraphic position of each ash bed is shown in Figure 3F . An isotopic age for Baculites compressus is plotted in the diagram, but the B. compressus zone is missing at the level of the paraconformity at the top of E. jenneyi, and the age was not used in the calibration of the reversals.
The age for the range zone of Baculites asperiformis ( Figure 3F , labelled 8) is based on an extrapolated age for the C33n/C33r reversal boundary obtained from isotopic ages from bentonites sampled from the Claggett Shale and Judith River Formation in Elk Basin in the northern Bighorn Basin, Wyoming (Hicks et al., 1995) . This polarity boundary has been reported as lying in the range zone of Baculites asperiformis in southeastern Alberta (Lerbekmo, 1989) . The extrapolated age of the C33r/C33n reversal is 79.35 Ma, which agrees well with the interpolated age of 79.5 Ma for Baculites asperiformis obtained from the isotopic time scale of Obradovich (1993) . Unfortunately the position of the C33r/C33n reversal boundary could not be directly measured paleomagnetically at Red Bird due to the very carbonaceous shale lithologies at the base of the section in the Mitten Black Shale Member and the Sharon Springs.
Calibrating the Red Bird geomagnetic polarity sequence
The magnetostratigraphy of the Red Bird section can be uniquely correlated to that part of the GPTS that ranges from C33n to C31n, with isotopic ages obtained from the section itself, and by biostratigraphic correlation with dated bentonite horizons sampled throughout the region (Table 2) . These isotopic ages are plotted on a correlation diagram in Figure 3F . Also plotted for comparative purposes are the age estimates for the polarity reversals C33r to C31n from the time scales of Cande & Kent (1995;  hereafter referred to as CK95), Gradstein et al. (1994; MTS94) and Harland et al. (1989; PTS89) .
Where the isotopic age was obtained from a sample taken from the section at Red Bird, as for 1, 6 and 7 ( Figure 3F ), then the stratigraphic position of the age is known precisely. However, the remaining ages, 2, 3, 5 and 8, have been correlated to the section biostratigraphically, and their exact positions within the ammonite zones to which they are attributed is not known with any precision. For the purposes of this study, such ages are placed stratigraphically in the middle of the zone as it is defined in the published Red Bird section (Gill & Cobban, 1966a) . The relative precision of this biostratigraphic correlation is simply a function of the thickness of the biozone in the reference section, and is shown as a vertical error bar. Calculation of the age of a reversal boundary can be made with a simple interpolation formula using stratigraphic thickness measurements, with the assumption that no major unconformities or rapid changes in sedimentation rate occur between the two dated samples (see Kowallis et al., 1995) . Calculating the uncertainty associated with such an age estimate is a little more difficult, as at Red Bird the exact stratigraphic level of the bounding isotopic ages is not always known.
Calibration of the N1/R1 reversal boundary (top of C33n)
The age of normal polarity interval N1 (Baculites asperiformis to E. jenneyi) is controlled by bracketing isotopic dates that range from 80.04 to 74.31 Ma ( Figure 3F , nos 2 and 3). Compared to the published GPTS, shown in Table 3 , this age range correlates N1 with C33n. The reversal at the base of C33n was not found at Red Bird, so we use the estimate of 79.34 0.6 Ma from Hicks et al. (1995; no. 8 in Figure 3F ) which is correlated to the range zone of Baculites asperiformis (Lerbekmo, 1989) . At Red Bird, the reversal at the top of C33n is projected to lie near (Figure 7) . However, the relative precision of this interpolated age is very poor due to the large number of underlying assumptions upon which it is based. Figure 7 shows in detail the stratigraphic position of the paleomagnetic sample sites, the ammonite range zones and the calibrating isotopic ages that bound the reversal at the top of C33n.
Our first assumption is that the isotopic ages correlate to the middle of the corresponding ammonite range zone. But in the reference section at Red Bird the precision to which the stratigraphic position of the ammonite range zone is known is limited to the occurrence of fossiliferous concretionary horizons in the Red Bird section. If we consider, for example, the case of Baculites scotti, the density of fossiliferous layers is remarkably good (compared to many other sections in this region), but the actual stratigraphic range in which Baculites scotti is found is some 43 m thick, and bounded by unfossiferous zones 9 m thick above, and (Gill & Cobban, 1966a) , sec. 14, T. 38 N, R. 62 W, Niobrara County, Wyoming. Collector Jason Hicks. Baculites reesidei (5) 72.50 0.44 No sample location or precision available. Precision given by C. C. Swisher, pers. comm. (1992) . Age referenced in Lerbekmo et al. (1979) . Revised age by Baadsgaard et al. (1993) . Baculites compressus (4) 73.52 0.39 22-cm-thick bentonite 1.5 m above base of zone in the Bearpaw Shale, NE, NE, sec. 14, T. (Gill & Cobban, 1966a) , sec. 14, T. 38 N, R. 62 W, Niobrara County, Wyoming. Collector Jason Hicks. Gradstein et al. (1994) ; PTS89, Harland et al. (1989) . *The top of C32r must be older than B. reesidei, so this is a conservative constraint. **The base of C32r is no older, and probably younger than this estimate. See Section 8.1 in text for summary of ambiguity surrounding the correlation of R1 with C32r. ***Age for the base of C33n from Hicks et al. (1995 6 m thick below. Some 26% of the range zone is depauperate. The limits of its inferred biostratigraphic range as defined by Gill & Cobban (1966a) therefore lie within the adjacent barren zones. The actual sampled range of Baculites scotti at Red Bird is shown by the thick black bar adjacent to A in Figure 7 , and the inferred stratigraphic range of the biozone is shown by the thinner lines. The difference between the mid-point of the actual sampled range and the inferred range of Baculites scotti is labelled B, and is little more than a meter, so small that it may be discounted. The isotopic age of Baculites scotti could, The actual sampled range of ammonite biozone (thick bar) and its inferred range. Baculites scotti has been sampled over 65% of its inferred biostratigraphic range, E. jenneyi over 80%; B. The stratigraphic difference between the midpoint of the actual sampled range and the inferred biostratigraphic range; C. The biostratigraphic range of the corresponding biochronologic age; D. The polarity transition zone (NACSN, 1983 ; the stratigraphic distance between the reversed and normal polarity paleomagnetic sites that bracket the reversal), representing 30 m of section. The polarity-reversal horizon is projected to lie midway between these two sites; E. The analytical precision of the isotopic age; F. The maximum age and, G the minimum age of the reversal boundary, given the uncertainties of stratigraphic placement and the precision of the isotopic ages; H. The interpolated age (this study) of the C33n/C32r polarity reversal; I. 2.3-Myr interval that represents the relative precision of the interpolated age of the geomagnetic reversal boundary given D, the stratigraphic uncertainty in the placement of the reversal boundary. Interpolated age is 74.62 Ma, with a minimum and maximum age range (I) of 73.61 to 75.87 Ma.
in fact, be correlated anywhere in the 58-m-thick inferred range zone, an interval that defines the limits of stratigraphic uncertainty, shown by the vertical error bars labelled C in Figure 7 . A further complication is introduced in the projection of the E. jenneyi isotopic age to the middle of the range zone as an indeterminate amount of that zone may be cut out by the overlying paraconformity (Figure 7) . Our second assumption is that the stratigraphic position of the polarity reversal itself is projected to lie midway between the bounding normal and reversed paleomagnetic sample sites (labelled R and N, reversed/normal, in Figure 7 ). Based on these criteria it could fall anywhere in the 30 m interval (labelled D) that separates the adjacent paleomagnetic sites, an interval that encompasses three ammonite range zones, D. nebrascense, D. stevensoni, and E. jenneyi (Figure 7 ). The nature of the exposure in a dry stream bed of low relief makes closer sampling an impossibility in this interval.
In order to estimate the age of the reversal boundaries we make our third, and in some ways, overriding assumption; namely, that there has been continuous and uniform sedimentation throughout the time period that is bracketed or bounded by the isotopic ages, an assumption which cannot be directly addressed except at levels where unconformities are known to exist (e.g., Figure 3 , no. 9). If we assume continuous sedimentation and combine the precision of the isotopic ages (labelled E in Figure 7 ) with the stratigraphic uncertainty associated with both the ages themselves (C), and the inferred position of the geomagnetic reversal (D), then we can define a maximum (labelled F, 75.87 Ma), and minimum (labelled G, 73.61 Ma) age range within which the age for the reversal (labelled H, interpolated at 74.62 Ma) may lie.
Although the reversal appears at first glance to be well dated by bracketing isotopic ages, it can be seen that the two secondary assumptions (a, that the actual chron position lies midway between the two nearest paleomagnetic sites, and b, that the biostratigraphically correlated isotopic ages lie in the middle of the biozones), give rise to considerable uncertainties. The chron boundary may be anywhere within plus or minus 15 m of its stated position, the 'biochronologic' or biostratigraphically correlated isotopic age may be as much as 30 m, and the isotopic ages themselves have an analytical precision of some 0.5 Myr. Therefore we conclude: if sedimentation rate was even and uninterrupted, if the isotopic ages approximate the age of the middle of the range zone, and if the reversal lies near the base of Exiteloceras jenneyi where it is projected, then the age of the reversal boundary at the top of C33n is interpolated at 74.62 Ma, with an estimated precision that ranges from a minimum of 73.6 Ma to a maximum of 75.9 Ma (a total range of some 2.3 Myr).
The interpretation that this reversal is the C33n/ C32r boundary is complicated by age estimates from the San Juan Basin (Fassett & Obradovich, 1986; Fassett & Steiner, 1997; which suggest that the top of C33n is somewhat younger than our interpolation indicates. Additionally, there are indications that some short reversals that are unrecognized in the marine anomaly sequence of the GPTS may occur in the upper part of C33n. Lindsay et al. (1982) reported a short reversal in the same stratigraphic sequence in which found two reversed intervals at the top of C33n. Either of these polarity reversals may potentially be correlated to the reversal R1 at Red Bird. The overlying paraconformity close to the top of C33n makes it impossible to resolve this issue in the Red Bird section, and the identification of the reversal R1 must remain ambiguous. In subsequent discussion in the text this reversal is referred to as C32r, but our conservative interpretation is that the top of C33n is probably younger than our interpolated age of 74.62 Ma for the base of R1 (Figure 7, H) , but is certainly not older than our maximum age estimate of 75.9 Ma (Figure 7, F) .
Problems such as these can only be overcome by the detailed study of a surface section with no known unconformities, where the bentonite ages have a known, precise stratigraphic position close to the chron boundaries, and exposure and lithologies that allow paleomagnetic sites to be sampled at very short intervals across the reversal boundary. In this region these conditions have so far only been met in the Judith River Formation at the base of C33n (Hicks et al., 1995) .
The R1/N2 reversal boundary
The isotopic age of 74.31 0.43 in the range zone of Exiteloceras jenneyi, correlates the R1 reversed polarity interval, shown in Figure 3 , to at or near the top of C33n (Table 3 ). The top of the reversed interval lies in contact with the paraconformity shown in Figure 7 , within which three ammonite range zones are missing. One of the missing zones is Baculites compressus, which has been dated at 73.52 0.39 Ma (Table 1) . If R1 is indeed C32r, which is some 0.6 to 0.9 Myr in duration as suggested by the GPTS, then our age of 74.31 Ma for the lower part of the reversal in Exiteloceras jenneyi indicates that the top of the reversal probably lies near the Baculites compressus range zone.
Above the paraconformity, the range zone of Baculites reesidei, dated at 72.5 Ma (Lerbekmo, 1989; Baadsgaard et al., 1993) lies at the base of the normal polarity interval N2, which can in turn be correlated with the lower part of C32n (Table 3) .
Calibration of the N2/R2 reversal boundary (C32n/C31r)
The upper reversal boundary of N2 lies within 27 m of a bentonite at the base of Baculites grandis that has been dated at 70.15 0.65 Ma (Table 2 ). This correlates reasonably well with the GPTS estimates for the top of 32.1 n ( Figure 3F ; Table 3 ). The short reversed interval C32.1r appears to be missing from somewhere within the middle to upper part of Baculites baculus, which coincides with a sampling gap, due to poor exposure, of nearly 60 m.
The base of reversed polarity interval R2 (Figure 3 , E) lies in the lower part of Baculites grandis, approximately at the level of unit 96 in the reference section of Gill & Cobban (1966a) , and can be correlated to C31r on the basis of the isotopic ages that bracket the N2/R2 reversal (Tables 2, 3 ). The C32n/C31r geomagnetic reversal is shown in detail in Figure 8 , and lies between an isotopic age of 72.5 0.40 Ma (labelled A), projected to the mid-point of the Baculites reesidei Zone, and the age from Red Bird in the Baculites grandis Zone of 70.15 0.65 Ma (labelled B). The position of the upper bentonite is known precisely, and the position of the Baculites reesidei isotopic age is projected to the mid-point of the biozone ( Figure 8A ). However, there is an unquantifiable error introduced into this projection, as the lower part of C32n, and an unknown thickness of Baculites reesidei, is missing at the level of the paraconformity (C). However, because the C32n/C31r reversal lies so close to the upper isotopic age (B), any discrepancy in the age and position of A will have only resulted in a small change in the interpolated age of the reversal. For example, a change in A of 1.0 Myr would only alter the interpolated age of the overlying reversal by some 0.1 Myr.
Following the procedures outlined in the previous section, interpolation between A and B in Figure 8 gives an age for the C32n/C31r reversal of 70.44 Ma, with a minimum/maximum age range (D), based on the relative precision of the isotopic ages and their stratigraphic uncertainty, of 71.09 to 69.79 Ma, a range of 1.29 Myr. The range of D should be increased by at least 0.1 Myr to account for the possible discrepancies in the stratigraphic correlation of A to the Red Bird section. The relative precision of this interpolated age is far better than the age estimate for the reversal at the top of C33n, primarily because the position of the reversal is known to within a few meters due to extensive resampling in good exposure (see Figure 3D for the location of the paleomagnetic sites). Most of the uncertainty in this age estimate is derived from the relatively poor precision of the uppermost isotopic age (B). There is little difference in the age estimate of the C32n/C31r reversal boundary whether we interpolate between A and B, or between A and E, the isotopic age at the base of the Fox Hills in B. clinolobatus. The difference in age of around 0.2 Myr is labelled F in Figure 8 .
Calibration of the R2/N3 reversal boundary (C31r/C31n)
A short normal polarity interval found in R2 (shaded grey in Figure 3E ) is composed of two sites that straddle the contact between the Pierre Shale and the Fox Hills Formation. After the first samples from this interval had been analysed it was re-sampled, but of the five paleomagnetic sites collected in total, only two were found to contain statistically significant directions. This normal appears to be lithologically controlled as it corresponds almost exactly with the occurrence of glauconite over an interval of 50 m in the base of the Fox Hills, from unit 110 to unit 115 in the reference section of Gill & Cobban (1966a) . Of the three statistically rejected sites in this interval, the most visibly glauconite samples were truly random in orientation, so it is regarded as an anomalous overprint controlled by the mineralogy of the iron-rich glauconite clays.
Above the level of the glauconitic beds lies a 40-mthick reversed polarity interval, composed of three closely spaced sites sampled from an interbedded siltstone and fine sandstone sequence in the Fox Hills that displays a strong and consistent magnetic direction. Above this level the topmost three sites in the section are of normal polarity and make up the interval N3 ( Figure 3E ). The top of the Fox Hills Formation is not found in this section, so assuming that the total thickness of the Fox Hills is approximately the same as that exposed at Lance Creek (90 m, Dorf, 1942) , then the C31r/C31n reversal boundary lies in the upper part of the formation, about 60 m above the base of the Pierre/Fox Hills contact, in the zone of Hoploscaphites birkelundi (Landman & Waage, 1993) .
The C31r/C31n reversal boundary has been dated in the GPTS at between 68.737 and 68.13 Ma (Table  3) . These estimates compare favorably to our isotopic age of 69.57 0.37 Ma from the top of the Pierre Shale in Baculites clinolobatus, which lies some 72 m below the top of the reversed interval. In Figure 8 , the age of the C31r/31n boundary is estimated by extrapolation from using both the lowermost age in Baculites reesidei (A), and Baculites grandis (B). This gives us an averaged estimate for the age of the reversal that is not unduly affected by changes in the sedimentation rate which probably occurred as the higher energy shoreline environment approached Red Bird and the Western Interior seaway regressed from the region. Note that the line of projection from A to E passes through the error bars in the age of B. The difference between the two estimates (G) is only some A. The biostratigraphic range of the corresponding biochronologic age, label adjacent to isotopic age for Baculites reesidei; note that the base of the range for the age is in contact with the paraconformity (shown by hashed interval); B. The analytical precision of the isotopic age for Baculites grandis; C. Paraconformity; D. The interpolated age of the C32n/C31r polarity reversal bracketed by the maximum and minimum age estimates given the uncertainties; E. The isotopic age from the base of the Fox Hills/top of Baculites clinolobatus; F. The difference in the interpolated age of the C32n/C31r reversal resulting from projecting both from A to B and A to E; G. Range of age estimate for the interpolated age for C32n/C31r reversal boundary. Interpolated age of 69.01 Ma assigned by this study is in the middle of range G; H. Difference in interpolated age of C31r/C31n in reversal resulting from projecting both from A to B and A to C.
0.23 Myr, so we have taken the mid-point, 69.01 Ma, as the age of the reversal, and suggest that the relative precision is about 9.60 Myr, or the precision of the underlying age (E), 0.37 Myr, combined with the uncertainty of F (Figure 8 ). The age range labelled H in Figure 8 , represents the maximum difference in the age estimate obtained by projecting from A through E, up to the C31r/C31n reversal boundary. The age range of H is only about 0.60 Myr, so our estimated relative precision of 0.60 Myr for the C31r/C32n reversal is suitably conservative.
Sea-level change and measured sedimentation rates
In the Western Interior US, the widespread exposure of Cretaceous sediments, in combination with the abundant ammonite fossils, accurately record the changes in sea level, as the westward extent of the ammonite biozones can be correlated to the adjacent nearshore and coastal plain sediments, to give a very detailed picture of the migration of the shoreline during this time (Lillegraven & Ostresh, 1990; Cobban et al., 1994) . The correlation diagram shown in Figure 3F clearly indicates that at Red Bird the changes in sedimentation rate moved in concert with the rise and fall of relative sea level shown in Figure 3C , labelled T8 to R9 (after Lillegraven & Ostresh, 1990) .
This relationship is best seen when the relative change in sea level ( Figure 3C ) is compared to the correlation diagram of the Red Bird section ( Figure  3F ). The sedimentation rate (data summarized in Table 4 ), calculated from the Ardmore Bentonite to the projected base of C33n, is 96 m of compacted sediment per million years (m/Myr). This period corresponds biostratigraphically to the Claggett transgression ( Figure 3C , labelled T8 after Lillegraven & Ostresh, 1990) which ranges from Baculites obtusus to the middle of Baculites asperiformis. This is undoubtedly a high overall average sedimentation rate, because at the base of this interval is a condensed sequence in the lowermost part of the Sharon Springs Member ( Figure 3A ; unit no. 13 in the reference section of Gill & Cobban, 1966a) . This was formed during a period of very low sediment supply between the onset and the peak of the Claggett transgression. Such condensed sequences are formed as the shoreline transgresses and the loci of terrigenous deposition moves landward, effectively starving the shelf and deeper parts of the basin of terrigenous material. The terrigenous sediments are deposited in a succession of laterally extensive nearshore deposits (Loutit et al., 1988) , which in this case corresponds chronologically to the Claggett shale and the westernmost outcrops of the shoreface sandstones of the Parkman Sandstone (Figure 2 ). The condensed interval that forms basinward is characterized by abundant planktonic fossil assemblages, authigenic minerals, organic matter, and bentonites (Loutit et al., 1988) . In the Sharon Springs Member, the condensed interval is represented by a fissile, dark grey, carbonaceous shale, with a complex geochemistry of abundant limonite, jarosite, and gypsum, regionally traceable thin bentonite layers, and a concentrated layer of fish scales and bones (Gill & Cobban, 1966a , 1972 .
As the rate of relative sea-level rise decreased and then fell with the onset of the Judith River regression ( Figure 3C , labelled R8), the locus of deposition prograded basinward, and the terrigenous content increased up-section. In the Red Bird section, this relationship is seen in the gradual lithologic shift throughout R8, from carbonaceous shales in the base of the Mitten Black Shale Member ( Figure 3A) , to the silty units in the Red Bird Silty Member that were formed as the higher energy shoreline environment, represented by the Parkman Sandstone (Fox, 1993) , drew closer to Red Bird (Figure 2 ). At the same time, the average sedimentation rate for the interval from Baculites asperiformis to Baculites scotti rose by nearly 50% to 139 m/Myr (Table 4) .
At the top of the Red Bird Silty Member, there is a marked lithologic shift back to clay-rich, carbonaceous shale in the base of the 'lower unnamed shale member', in the Didymoceras nebrascense Zone ( Figure A3 ). This lithologic change marks the onset of the Bearpaw transgression ( Figure 3C , labelled T9) and is reflected by a sharp decrease in sedimentation rate (about one third of its previous rate) of 47 m/Myr between Baculites scotti and Exiteloceras jenneyi (Table  4 ). The peak of transgression coincides with the surface of non-deposition or erosion at Red Bird (paraconformity, Figure 3F ). Across the paraconformity between Exiteloceras jenneyi and Baculites reesidei, the measured sedimentation rate decreases further to an average of 23 m/Myr.
The peak of the Bearpaw transgression occurred in the range zones of Baculites reesidei when a large marine embayment occupied western Montana. As the final regression of the Cretaceous seaway began in the latest Campanian, the Fox Hills shoreline began to prograde rapidly across the basin (Figure 2) , and the sedimentation rate increased fourfold to an average of 93 m/Myr in the first part of R9 (Table 4; Figure 3C ) and then peaked at 162 m/Myr for the remainder of the Pierre Shale deposition when the shoreline regressed across eastern Wyoming in the zone of Baculites clinolobatus (Cobban et al., 1994) .
The detailed chronostratigraphy of the Red Bird section for the Late Campanian and Maastrichtian shows not only an excellent correlation between sealevel changes and sedimentation rate, as predicted and demonstrated by numerous workers in this region (for example, Van Wagoner et al., 1990) , but it also provides one of the first detailed quantifications of the process.
Global correlation of the Red Bird magnetostratigraphic section
Correlation of Red Bird to Gubbio, Italy
The Red Bird magnetostratigraphic sequence that ranges from C33n to C31n ( Figure 3G ) can be directly and simply correlated to the time-equivalent sequence in the reference section at Gubbio, Italy (Alvarez et al., 1977; Roggenthen & Napoleone, 1977; Lowrie & Alvarez, 1977) , and thereby the planktonic foraminiferal zonation scheme of the European pelagic realm can be correlated directly to the Western Interior provincial ammonite zonation (Figure 9 ). In this diagram the foraminiferal biostratigraphy of Gubbio (Premoli-Silva, 1977) was correlated on the basis of the strict proportionality of the stratigraphic position of the biozone boundaries within the associated geomagnetic interval.
In this study there is a degree of uncertainty surrounding the correlation of R1 at Red Bird with the C32r polarity reversal, but we have shown the range of Globotruncana calcarata in Figure 9 plotted at between 0.7 and 0.81, or some four-fifths of the way up in the C33n interval, which is where it is found at Gubbio. Globotruncana calcarata has been reported from near the top of the Annona Chalk of Arkansas in association with a bentonite dated at 75.2 0.5 Ma (Obradovich et al., 1990) . Chronologically, this isotopic age suggests that the range zone of Globotruncana calcarata is probably younger and correlates to an interval that ranges from B. scotti to E. jenneyi (Obradovich et al., 1990 ; see also Figure 7 ).
The Campanian/Maastrichtian boundary as defined at Gubbio on the basis of planktic foraminifera lies at the last occurrence of Globotruncana calcarata, which we correlate paleomagnetically to B. gregoryensis in the ammonite zonation of the Western Interior (Figure 9 ). This would appear to be anomalously old, as Kennedy et al. (1992) place the top of the Campanian in the Baculites eliasi Zone, based on the occurrence of Nostoceras (N.) hyatti and Jeletzkytes nodosus (Owen) in the Baculites jenseni Zone in the Pierre Shale of Colorado. These forms are latest Campanian in age, and are found in a short stratigraphic interval in Poland below the first occurrence of Belemnitella lanceolata, whose appearance is held to mark the Campanian/Maastrichtian stage boundary (Birkelund et al., 1984) . This correlation of the Campanian/ Maastrichtian boundary is in part supported by the seawater 87 Sr/ 86 Sr curve for the Cenozoic and Cretaceous (Koepnick et al., 1985; Hess et al., 1986) . McArthur et al. (1992) analysed the 87 Sr/ 86 Sr ratios from ammonites collected from the Western Interior and compared them with values from the first appearance of Belemnitella lanceolata, and inferred that the boundary lies within the zone of Baculites jenseni. Both of these placements of the stage boundary correspond to the lower to middle part of C32n ( Figure  3 ), which in turn correlates to the upper part of the Globotruncana tricarinata zone at Gubbio (Figure 9) .
The magnetostratigraphic correlation of the Late Cretaceous of the Western Interior of the US with the Late Cretaceous of Europe does not solve any of the (Lillegraven & Ostresh, 1990 problems encountered in fixing the Campanian/ Maastrichtian biostratigraphically in the type sections (Eaton, 1987; Kennedy, 1995) . But it is a means of correlation that can potentially cut through the problems of biostratigraphic diachroneity, and the discrepancies between the zonation schemes based on macro-and microfossils (Hambach et al., 1995) .
Correlation of Red Bird to Red Deer Valley, Canada
A ground-breaking magnetostratigraphic study of the latest Cretaceous sediments of the Red Deer Valley was carried out by Lerbekmo & Coulter in 1984 . They placed the Campanian/Maastrichtian boundary at the level of Baculites baculus in a magnetostratigraphic Figure 9 . Chronologic correlation diagram of the magnetostratigraphy of the Red Bird section and the corresponding Western Interior ammonite biozonation, directly correlated with the reference section of Alvarez et al. (1977) from Gubbio, and the corresponding planktonic forminiferal zones of Premoli-Silva (1977) .
section at the Red Deer Valley, in the fluvio-deltaic sequence of the Edmonton Group. The top of the polarity sequence was controlled by the reversal 29n/ 29r within which the K/T boundary was fixed palynologically and paleontologically (Lerbekmo et al., 1979) . The polarity sequence below this level contains the zones Baculites grandis to Baculites reesidei. On the basis of Jeletsky's (1968) placement of the Campanian/Maastrichtian boundary at the base of Baculites baculus (dated at 71.0 Ma; Lerbekmo & Coulter, 1984) , and on the first appearance of the palynofloral genus Wodehouseia, Lerbekmo (1989) correlated this level to the stage boundary at Gubbio, which is placed in the upper part of C33n (Alvarez et al., 1977) . This led to the mis-identification of C32n as C33n. Comparison of the composite magnetostratigraphic section at Red Deer Valley with Red Bird shows that the ammonite zones Baculites reesidei through to the lower part of Baculites grandis lie in a normal polarity interval in both sections. This study identifies this polarity interval as C32n for the reasons outlined in the previous sections.
Correlation of the Western Interior seaway to the Pacific slope province
To the west of the Western Interior foreland basin, on the Pacific side of the Late Cretaceous peninsula adjacent to the convergence zone, anomaly 32r has been identified in the deep-sea fan deposits of the Point Loma Formation at La Jolla and Point Loma in southern California (Bannon et al., 1989) . The Campanian/Maastrichtian boundary (as fixed by Alvarez et al., 1977 , at the extinction of Globotruncana calcarata), was placed just below the range zone of Baculites occidentalis, in the uppermost part of C33n (Bannon et al., 1989) . Assuming uniform sedimentation in the Point Loma Formation, Baculites occidentalis extends from approximately four-fifths of the way up in C33n, to the C33n/C32r reversal, or from about 75.3 Ma to 74.6 Ma. If the N1/R1 reversal at Red Bird is held to lie close to the top of C33n then we can now correlate the range of Baculites occidentalis (as defined in the Point Loma Formation) from approximately the uppermost part of Baculites scotti to at least the top of Exiteloceras jenneyi, thereby establishing a direct correlation between the Western Interior seaway and the Pacific slope strata.
Conclusions
Isotopic ages are critical in calibrating the oceanic magnetic anomalies that are the template for the GPTS, and it is the GPTS that can then be used as a measure to estimate the ages of the geologic stage boundaries in regions where isotopic ages are not available. In this way a well-calibrated GPTS can be the central link that correlates isotope stratigraphy and biostratigraphy with isotopic ages. Theoretically, the precision of the GPTS 'link' is limited only by the analytical precision of the calibrating isotopic ages themselves and the precision with which the width of the ocean floor anomalies can be measured (approximately 7%). This chronostratigraphic analysis of the Pierre Shale in eastern Wyoming makes a number of contributions to the calibration of the GPTS, and to the broad geologic and paleontologic framework of the Campanian and Maastrichtian. These are summarized below:
(1) Within the limitations that we have outlined, this study correlates the geomagnetic reversals of the middle Campanian and lower Maastrichtian to the high resolution ammonite zonation of the Pierre Shale. In doing so we have significantly improved the isotopic age constraints of three of the latest Cretaceous reversals in the interval from C33n to C31n. Within the uncertainties that we have clearly defined, our age estimates are entirely in accordance with those already published for the GPTS. The results of this study indicate that further chronostratigraphic analyses of latest Cretaceous strata in this region have the potential to produce multiple interpolations across individual reversal levels. This should decrease our current levels of uncertainty to the point where the interpolated ages of the geomagnetic reversals begin to approach the precision of the calibrating isotopic ages, although it should be noted that the isotopic age assignments for even a well-known and intensively studied level, such as the K/T boundary, which has been the subject of numerous studies, still range over more than one million years. This is a precision of no better than between one and two percent, and a far cry from the published analytical precision of the isotopic ages themselves.
(2) Correlation of the magnetostratigraphy of the Pierre Shale to the GPTS has allowed the first direct chronologic correlation between the Western Interior ammonite biozonation scheme and: (a) the reference section at Gubbio in Italy; (b) the Point Loma Formation on the Pacific slope. This is a very incomplete sample of numerous correlations that are also possible, but cannot be addressed here (for a summary, see Opdyke & Channell, 1996; Table 11.1, pp. 184, 185) . (3) Dating this marine sequence at multiple levels has enabled us to quantify the changes in sedimentation rate that occur over time in a foreland basin, ostensibly in response to relative changes in sea level. The causal mechanisms behind these sea-level fluctuations are clearly allocyclic, and temporally and spatially complex, controlled as they are by episodic thrusting in the west, followed by rapid changes in sediment supply and subsidence. But the fluctuations in terrigenous input to the more distal part of the basin appear to be predictable and move in synchronicity with migration of the strandline over time.
A chronologic study in this region has to cope with a number of factors that greatly complicate what should be the relatively simple task of calibrating magnetic reversals with isotopic ages that are found together within a common biostratigraphic framework. All the necessary components are, after all, found together in the same outcrop at numerous localities in the Western Interior US. But the work is hindered by a number of practical difficulties. The ash levels are numerous, but only a relative few will yield sufficient sanidine to be datable, and the levels they date may not be the most critical ones. Ammonites are locally abundant, but a perusal of many of even the best correlated sections in this region (e.g., Schultz et al., 1980) , show that there are large gaps in the sequence where ammonites are not preserved. The presence (or absence) of the magnetic reversals is influenced by lithology, the completeness of surface exposure and the presence of unconformities in the sequences. A more precise calibration of the latest Cretaceous hinges on finding the few sections in this region where these nullifying factors are minimised.
